This paper summarizes the physical mechanisms that encode the type and quantity of cosmological matter in the properties of large-scale structure, and reviews the application of such tests to current datasets. The key lengths of the horizon size at matter{radiation equality and at last scattering determine the total matter density and its ratio to the relativistic density; acoustic oscillations can diagnose whether the matter is collisionless, and small-scale structure or its absence can limit the mass of any dark-matter relic particle. The most stringent constraints come from combining data on present-day galaxy clustering with data on CMB anisotropies. Such an analysis breaks the degeneracies inherent in either dataset alone, and proves that the Universe is very close to°at. The matter content is accurately consistent with pure cold dark matter, with ca. 25% of the critical density, and°uctuations that are scalar only, adiabatic and scale invariant. It is demonstrated that these conclusions cannot be evaded by adjusting either the equation of state of the vacuum, or the total relativistic density.
Dark matter and growth of structure (a) Gravitational instability and transfer function
The simplest explanation for the large-scale structure in the galaxy distribution is gravitational instability acting on some small initial departures from homogeneity. This model has now reached a stage of considerable sophistication, and accounts impressively for the very detailed data emerging from the current generation of surveys.
The ability to use observations of large-scale structure to measure the matter content of the Universe depends on understanding the characteristic scales that should be introduced by gravitational instability. These are most clearly seen in Fourier space, where the fractional density contrast is (x) = X¯k exp(ik ¢ x);
with » = ¹ » (1 +¯). The power spectrum is P (k) ² j¯kj 2 , conveniently expressed in the dimensionless form, where ¢ 2 (k) / k 3 P (k) is the variance in¯per ln k. The assumption is that this can be decomposed into a primordial component of powerlaw form, and a transfer function,
where the function T (k) contains the information about the matter content. A generic expectation for the primordial°uctuations is that n = 1, so that the power spectrum of potential°uctuations is three-dimensional (3D)°icker noise, and the deviations of the metric from°atness are fractal-like. An interesting feature of in°ation, which makes an important test of the theory, is that small deviations from exact n = 1 behaviour may be expected.
The transfer function depends on a number of characteristics of the primordial perturbations, both qualitative and quantitative.
Perturbation mode. The simplest choice is that the initial°uctuations were adiabatic, i.e. photon densities and matter densities were compressed equally. This is the prediction of single-¯eld in°ation models. In more complex models, it is possible that the radiation is left unperturbed, and only the matter°uctuates. Such isocurvature modes or entropy perturbations match the CMB anisotropy data poorly, so we will neglect them. However, a small admixture of isocurvature modes can always be tolerated, and this can widen the space of allowed models (e.g. Bucher et al . 2002) .
Relativistic content. It turns out that most of the characteristics of cosmological perturbations were set at high redshifts, when the relativistic particle content (at least photons plus light neutrinos) was dynamically important.
Baryonic content. At early times, the baryonic plasma is strongly coupled to the photons via Thomson scattering, thus acting as a°uid with a sound speed of up to c= p 3. Acoustic oscillations in this°uid leave measurable features in the transfer function.
Collisionless content. Growth of perturbations in weakly interacting dark matter proceed in a simpler way, and they do not support pressure-driven oscillations. Also, the key free-streaming property of collisionless particles can lead to erasure of small-scale perturbations.
Vacuum-energy content. In general, a homogeneous background does not in°uence the scale dependence of perturbation growth; rather, the growth rate of perturbations of all wavelengths is altered. Thus, the main in°uence of the vacuum energy is via the overall amplitude of°uctuations plus, in the case of the CMB, the conversion from spatial scale of°uctuations observed at redshift 1100 to the angle subtended today.
(b) Characteristic scales
The transfer function for models with the full list of ingredients above was¯rst computed accurately by Bond & Szalay (1983) , and is today routinely available via public-domain codes such as cmbfast (Seljak & Zaldarriaga 1996) . Some illustrative results are shown in¯gure 1. Leaving aside the isocurvature models, all adiabatic cases have T ! 1 on large scales, i.e. there is growth at the universal rate (which is such that the amplitude of potential perturbations is constant until the vacuum starts to be important at z . 1). The di®erent shapes of the functions can be understood intuitively in terms of a few special length-scales, as in the following.
(i) Horizon length at matter{radiation equality
The main bend visible in all transfer functions is due to the M ¶ esz ¶ aros e®ect, which arises because the Universe is radiation dominated at early times. Fluctuations in the matter can only grow if dark matter and radiation fall together. This does not happen for perturbations of small wavelength, because photons and matter can separate. Growth only occurs for perturbations of wavelength larger than the horizon distance, where there has been no time for the matter and radiation to separate. The relative diminution in°uctuations at high k is the amount of growth that is missed between horizon entry and z eq , and this change is easily shown to be proportional to k 2 . The approximate limits of the CDM transfer function are therefore
This process continues until the Universe becomes matter dominated at z eq = 23 900« m h 2 . We therefore expect a characteristic`break' in the°uctuation spectrum around the comoving horizon length at this time:
Since distances in cosmology always scale with h ¡1 , this means that « m h should be observable.
(ii) Free-streaming length
This relatively gentle¯ltering away of the initial°uctuations is all that applies to a Universe dominated by cold dark matter (CDM), in which random velocities are negligible. A CDM Universe thus contains°uctuations in the dark matter on all scales, and structure formation proceeds via hierarchical process in which nonlinear structures grow via mergers.
Examples of CDM would be thermal relic WIMPs with masses of the order of 100 GeV. Relic particles that were never in equilibrium, such as axions, also come under this heading, as do more exotic possibilities such as primordial black holes. A more interesting case arises when thermal relics have lower masses. For collisionless dark matter, perturbations can be erased simply by free streaming: random particle velocities cause blobs to disperse. At early times (kT > mc 2 ), the particles will travel at c, and so any perturbation that has entered the horizon will be damped. This process ceases when the particles become non-relativistic, so that perturbations are erased up to proper length-scales of around ct(kT = mc 2 ). This translates to a comoving horizon scale (2ct=a during the radiation era) at kT = mc 2 of L fs = 112(m=eV) ¡1 Mpc (in detail, the appropriate¯gure for neutrinos will be smaller by (4=11) 1=3 , since they have a smaller temperature than the photons). A light neutrino-like relic that decouples while it is relativistic satis¯es « n h 2 = m=93:5 eV:
Thus, the damping scale for hot dark matter (HDM) is of the order of the bend scale. Alternatively, if the particle decouples su±ciently early, its relative number density is boosted by annihilations, so that the critical particle mass to make « m = 1 can be boosted to ca. 1{10 keV (warm dark matter (WDM)). The existence of galaxies at z ' 6 tells us that the coherence scale must have been below ca. 100 kpc, so WDM is close to being ruled out. A similar constraint is obtained from small-scale structure in the Lyman-alpha forest (Narayanan et al. 2000) : m > 0:75 keV.
A more interesting (and probably more practically relevant) case is when the dark matter is a mixture of hot and cold components. The free-streaming length for the hot component can therefore be very large, but within range of observations. The dispersal of HDM°uctuations reduces the CDM growth rate on all scales below L fs |or, relative to small scales, there is an enhancement in large-scale power.
(iii) Acoustic horizon length
The horizon at the matter{radiation equality also enters in the properties of the baryon component. Since the sound speed is of order c, the largest scales that can undergo a single acoustic oscillation are of the order of the horizon. The transfer function for a purely baryonic Universe shows large modulations, re°ecting the number of oscillations that were completed before the Universe became matter dominated and the pressure support dropped. The lack of such large modulations in real data is one of the most generic reasons for believing in collisionless dark matter. Acoustic oscillations persist even when baryons are subdominant, however, and can be detectable as lower-level modulations in the transfer function (e.g. Goldberg & Strauss 1998; Meiksin et al. 1999 ).
(iv) Silk damping length
Acoustic oscillations are also damped on small scales, where the process is called Silk damping: the mean free path of photons due to scattering by the plasma is non-zero, and so radiation can di®use out of a perturbation, convecting the plasma with it. This e®ect can be seen in¯gure 1 at k ¹ 10k H .
Comparison with 2dFGRS data (a) Survey overview
The largest dataset for which a thorough comparison with the above picture has been made is the 2dF Galaxy Redshift Survey (2dFGRS). This survey was designed around the 2dF multi-¯bre spectrograph on the Anglo-Australian Telescope, which is capable of observing up to 400 objects simultaneously over a 2¯diameter¯eld of view. For details of the instrument and its performance see http://www.aao.gov.au/2df/, and also Lewis et al. (2002) . The source catalogue for the survey is a revised and extended version of the Automatic Plate Measuring (APM) Facility galaxy catalogue (Maddox et al. 1990a{c) ; this includes over 5 million galaxies down to b J = 20:5 in both north and south galactic hemispheres over a region of almost 10 4 deg 2 . The b J magnitude system is related to the Johnson{Cousins system by b J = B ¡ 0:304(B ¡ V ), where the colour term is estimated from comparison with the SDSS Early Data Release (Stoughton et al. 2002) .
The 2dFGRS geometry consists of two contiguous declination strips, plus 100 random 2¯¯elds. One strip is in the southern galactic hemisphere and covers ca. 75¯£15c entred close to the south galactic pole (SGP) at (¬ ;¯) = (01 h ; ¡ 30¯); the other strip is in the northern galactic hemisphere and covers 75¯£ 7:5¯centred at (¬ ;¯) = (12:5 h ; +0¯). The 100 random¯elds are spread uniformly over the 7000 deg 2 region of the APM catalogue in the southern Galactic hemisphere. The sample is limited to be brighter than an extinction-corrected magnitude of b J = 19:45 (using the extinction maps of Schlegel et al . (1998) ). This limit gives a good match between the density on the sky of galaxies and 2dF¯bres.
After an extensive period of commissioning of the 2dF instrument, 2dFGRS observing began in earnest in May 1997, and terminated in April 2002. In total, observations were made of 899¯elds, yielding redshifts and identi¯cations for 232 529 galaxies, 13 976 stars and 172 quasi-stellar objects (QSOs), at an overall completeness of 93%. The galaxy redshifts are assigned a quality°ag, Q, from 1 to 5, where the probability of error is highest at low Q. Most analyses are restricted to Q > 3 galaxies, of which there are currently 221 496. An interim data release took place in July 2001, consisting of ca. 100 000 galaxies (see Colless et al. (2001) for details). A public release of the full photometric and spectroscopic database took place in July 2003. The completed 2dFGRS yields a striking view of the galaxy distribution over large cosmological volumes. This is illustrated in¯gure 2, which shows the projection of a subset of the galaxies in the northern and southern strips onto (¬ ; z) slices. This picture is the culmination of decades of e®ort in the investigation of large-scale structure, and we are fortunate to have this detailed view for the¯rst time.
(b) The 2dFGRS power spectrum
Perhaps the key aim of the 2dFGRS was to perform an accurate measurement of the 3D clustering power spectrum, in order to improve on the APM result, which was deduced by de-projection of angular clustering (Baugh & Efstathiou 1993 . The results of this direct estimation of the 3D power spectrum are shown in¯gure 3 (Percival et al. 2001 ). This power-spectrum estimate uses the fast-Fourier-transformbased approach of Feldman et al . (1994; FKP) , and needs to be interpreted with care. Firstly, it is a raw redshift-space estimate, so that the power beyond k ' 0:2h Mpc is severely damped by smearing due to peculiar velocities, as well as being a®ected by nonlinear evolution. Finally, the FKP estimator yields the true power convolved with the window function. This modi¯es the power signi¯cantly at large scales (a ca. 20% correction). An approximate correction for this has been made in gure 3.
(c) CDM model¯tting
The fundamental assumption is that, on large scales, linear biasing applies, so that the nonlinear galaxy power spectrum in redshift space has a shape identical to that of linear theory in real space. This assumption is valid for k < 0:15h Mpc; the Figure 3 . The 2dFGRS redshift-space dimensionless power spectrum, ¢ 2 (k), estimated according to the FKP procedure. The solid points with error bars show the power estimate. The window function correlates the results at di® erent k values, and also distorts the large-scale shape of the power spectrum. An approximate correction for the latter e® ect has been applied. The solid and dashed lines show various CDM models, all assuming n = 1. For the case with non-negligible baryon content, a BBN value of « b h 2 = 0:02 is assumed, together with h = 0:7. A good¯t is clearly obtained for « m h ' 0:2. Note that the observed power at large k will be boosted by nonlinear e® ects, but damped by small-scale random peculiar velocities. It appears that these two e® ects very nearly cancel, but model¯tting is generally performed only at k < 0:15h Mpc in order to avoid these complications.
detailed justi¯cation comes from analysing realistic mock data derived from N -body simulations (Cole et al . 1998 ). The free parameters in¯tting CDM models are thus the primordial spectral index, n, the Hubble parameter, h, the total matter density, « m , and the baryon fraction, « b =« m . Note that the vacuum energy does not a®ect the constraints. Initially, we show results assuming n = 1; this is relaxed later.
An accurate model comparison requires the full covariance matrix of the data, because the convolving e®ect of the window function causes the power at adjacent k values to be correlated. This covariance matrix was estimated by applying the survey window to a library of Gaussian realizations of linear density¯elds, and checked against a set of mock catalogues. It is now possible to explore the space of CDM models, and likelihood contours in « b =« m versus « m h are shown in¯gure 4. At each point in this surface we have marginalized by integrating the likelihood surface over the two free parameters, h and the power spectrum amplitude. We have added a Gaussian prior h = 0:7 § 10%, representing external constraints such as the Hubble Space Telescope (HST) key project (Freedman et al . 2001) ; this has only a minor e®ect on the results. Figure 4a shows that there is a degeneracy between « m h and the baryonic fraction « b =« m . However, there are two local maxima in the likelihood, one with « m h ' It is interesting to compare these conclusions with other constraints. These are shown in¯gure 4, assuming h = 0:7 § 10%. Latest estimates of the deuteriumto-hydrogen ratio in QSO spectra combined with Big Bang nucleosynthesis (BBN) theory predict « b h 2 = 0:020 § 0:001 (Burles et al . 2001) , which translates to the shown locus of f B against « m h. X-ray cluster analysis predicts a baryon fraction « b =« m = 0:127 § 0:017 (Evrard 1997), which is within 1¼ of our value. These loci intersect very close to our preferred model.
Perhaps the main point to emphasize here is that the 2dFGRS results are not greatly sensitive to the assumed tilt of the primordial spectrum. As discussed below, CMB data show that n = 1 is a very good approximation; in any case, very substantial tilts (n ' 0:8) are required to alter the conclusions signi¯cantly. 
(d ) Robustness of results
The main residual worry about accepting the above conclusions is probably whether the assumption of linear bias can really be valid. In general, concentration towards higher-density regions not only raises the amplitude of clustering, but also steepens the correlations, so that bias is largest on small scales. A simple model that illustrates this is to assume that the density¯eld is a lognormal process. A nonlinear transformation » ! » b then gives a correlation function 1 + ¹ ! (1 + ¹ ) b 2 (Mann et al . 1998) . We need to be clear of the regime in which the bias depends on scale.
One way in which this issue can be studied is to consider subsamples with very di®erent degrees of bias. Colour information has recently been added to the 2dFGRS database using SuperCosmos scans of the UK Schmidt Telescope red plates (Hambly et al . 2001) , and a division at rest-frame photographic B ¡ R = 0:85 nicely separates ellipticals from spirals. Figure 5 shows the power spectra for the 2dFGRS divided in this way. The shapes are almost identical (perhaps not so surprisingly, since the cosmic variance e®ects are closely correlated in these co-spatial samples). However, what is impressive is that the relative bias is almost precisely independent of scale, even though the red subset is rather strongly biased relative to the blue subset (relative b ' 1:4). This provides some reassurance that the large-scale P (k) re°ects the underlying properties of the dark matter, rather than depending on the particular class of galaxies used to measure it.
Combination with the CMB and cosmological parameters (a) Parameter degeneracies
The 2dFGRS power spectrum contains important information about the key parameters of the cosmological model, but we have seen that additional assumptions are needed, in particular the values of n and h. Observations of CMB anisotropies can in principle measure most of the cosmological parameters, and combination with the 2dFGRS can lift most of the degeneracies inherent in the CMB-only analysis. It is therefore of interest to see what emerges from a joint analysis. These issues are discussed in . The CMB data alone contain two important degeneracies: the`geometrical' and`tensor' degeneracies.
(i) Geometrical degeneracy
In the former case, one can evade the commonly stated CMB conclusion that the Universe is°at, by adjusting both ¤ and h to extreme values (Zaldarriaga et al . 1997; Efstathiou & Bond 1999) . The normal°atness argument takes the comoving horizon size at last scattering,
and divides it by the present-day horizon size for a zero-¤ Universe,
to yield a main characteristic angle that scales as « 1=2 m . Large curvature (i.e. low « m ) is ruled out because the main peak in the CMB power spectrum is not seen at very small angles. However, introducing vacuum energy changes the conclusion. If we take a family of models with¯xed initial perturbation spectra,¯xed physical densities ! m ² « m h 2 , ! b ² « b h 2 , and vary both « v and the curvature to keep ā xed value of the angular size distance to last scattering, then the resulting CMB power spectra are identical (except for the integrated Sachs{Wolfe e®ect at very low multipoles, and second-order e®ects at high`). This degeneracy occurs because the physical densities control the structure of the perturbations in physical Mpc at last scattering, while curvature, « v and « m govern the proportionality between length at last scattering and observed angle. In order to break the degeneracy, additional information is needed. This could be in the form of external data on the Hubble constant, but the most elegant approach is to add the 2dFGRS data, so that conclusions are based only on the shapes of power spectra. show that doing this yields a total density (j« ¡ 1j < 0:05) at 95% con¯dence. We can therefore be con¯dent that the Universe is very nearly°at; hereafter it will be assumed that this is exactly true.
(ii) Tensor degeneracy
The next most critical question for the CMB is whether the temperature°uctuations are scalar mode only, or whether there could be a signi¯cant tensor signal. The tensor modes lack acoustic peaks, so they reduce the relative amplitude of the main peak at`= 220. A model with a large tensor component can however be made to resemble a zero-tensor model by applying a large blue tilt (n > 1) and a high baryon content. show that adding the 2dFGRS data weakens this degeneracy, but does not completely remove it. This is reasonable, since the 2dFGRS data alone constrain the baryon content weakly.
The importance of tensors will of course be one of the key questions for cosmology over the next several years, but it is interesting to consider the limit in which these are negligible. In this case, the standard model for structure formation contains a vector of only six parameters: p = (n s ; « m ; « b ; h; Q; ½ ). Of these, the optical depth to last scattering, ½ , is almost entirely degenerate with the normalization, Q. The remaining four parameters are pinned down very precisely. Using a compilation of pre-WMAP CMB data plus the 2dFRGS power spectrum, Percival et al. 
(b) The horizon angle degeneracy
For°at models, there is a degeneracy that is related (but not identical) to the geometrical degeneracy, being very closely related to the location of the acoustic peaks. The angular scale of these peaks depends on the ratio between the horizon size at last scattering and the present-day horizon size for°at models:
(using the approximation of Vittorio & Silk (1985) ). This yields an angle scaling as « ¡0:1 m , so that the scale of the acoustic peaks is apparently almost independent of the main parameters.
However, this argument is not complete, because the earlier expression for D H (z L S ) assumes that the Universe is completely matter dominated at last scattering. The comoving sound horizon size at last scattering is de¯ned by (e.g. Hu & Sugiyama 1995) 
where vacuum energy is neglected at these high redshifts; the expansion factor a ² (1 +z) ¡1 and a L S , a eq are the values at last scattering and matter{radiation equality, respectively. In practice, z L S ' 1100 independent of the matter and baryon densities, and c S is¯xed by « b . Thus the main e®ect is that a eq depends on « m . Dividing by D H (z = 0) therefore gives the angle subtended today by the light horizon as where z L S = 1100 and a eq = (23 900! m ) ¡1 . This remarkably simple result captures most of the parameter dependence of CMB peak locations within°at ¤ CDM models.
Di®erentiating this equation near a¯ducial ! m = 0:147 gives @ ln H @ ln « m¯! m = ¡ 0:1; @ ln H @ ln ! m¯« m = 1 2 µ 1 + a L S a eq ¶ ¡1=2 = +0:24;
in good agreement with the numerical derivatives in Hu et al . (2001, eqn (A15) ). Thus for moderate variations from a`¯ducial' model, the CMB peak multipole number scales approximately as`p eak / « ¡0:14 m h ¡0:48 , i.e. the condition for constant CMB peak location is well approximated as « m h 3:4 = const: However, information about the peak heights does alter this degeneracy slightly. The relative peak heights are preserved at constant « m ; hence the actual likelihood ridge is a`compromise' between constant peak location (constant « m h 3:4 ) and constant relative heights (constant « m h 2 ); the peak locations have more weight in this compromise, leading to a likelihood ridge along approximately « m h 3:0 ' const: (Percival et al. 2002) . It is now clear how LSS data combine with the CMB: « m h 3:4 is measured to very high accuracy already, and Percival et al . deduced « m h 3:4 = 0:078 with an error of ca. 6% using pre-WMAP CMB data. The¯rst-year WMAP results in fact prefer « m h 3:4 = 0:084 (Spergel et al. 2003) ; the slight increase arises because WMAP indicates that previous datasets around the peak were on average calibrated low.
In any case, the dominant error in « m and h depends on what one chooses to add to the « m h 3:4¯g ure. The best approach given current knowledge is probably to combine the WMAP « m h 3:4 = 0:084 with the updated 2dFGRS « m h = 0:18 § 0:02: this yields « m = 0:25 § 15% and h = 0:73 § 5%.
(c) Matter°uctuation amplitude and bias
The above conclusions were obtained by considering the shapes of the CMB and galaxy power spectra. However, it is also of great interest to consider the amplitude of mass°uctuations, since a comparison with the galaxy power spectrum allows us to infer the degree of bias directly. This analysis was performed by Lahav et al . (2002) . Given assumed values for the cosmological parameters, the present-day linear normalization of the mass spectrum (e.g. ¼ 8 ) can be inferred. It is convenient to de¯ne a corresponding measure for the galaxies, ¼ 8g , such that we can express the bias parameter as
In practice, we de¯ne ¼ 8g to be the value required to¯t a CDM model to the powerspectrum data on linear scales (0:02 < k < 0:15h Mpc). The amplitude of 2dFGRS galaxies in real space estimated by Lahav et al. (2002) is ¼ R 8g (L ¤ ) = 0:76, with a negligibly small random error. This assumes no evolution in ¼ 8g , plus the luminosity dependence of clustering measured by Norberg et al . (2001) .
The value of ¼ 8 for the dark matter can be deduced from the CMB¯ts. Percival where the quoted error includes both data errors and theory uncertainty. The WMAP value here is almost identical, ¼ 8 exp(¡ ½ ) = 0:71, but no error is quoted (Spergel et al . 2003) . The unsatisfactory feature is the degeneracy with the optical depth to last scattering. For reionization at z = 8, we would have ½ ' 0:05; it is not expected theoretically that ½ can be much larger, and popular models would place reionization between z = 10 and z = 15, or ½ ' 0:1 (e.g. Loeb & Barkana 2001). One of the many impressive aspects of the WMAP team's results is that they are able to infer ½ = 0:17 § 0:04 from large-scale polarization. Taken at face value, ½ = 0:17 would argue for reionization at z = 20, but the error means that more conventional gures are far from being ruled out. Taking all this together, it seems reasonable to assume that the true value of ¼ 8 is within a few per cent of 0.80. Given the 2dFGRS gure of ¼ R 8g = 0:76, this implies that L ¤ galaxies are very nearly exactly unbiased. Since there are substantial variations in the clustering amplitude with galaxy type, this outcome must be something of a coincidence.
Finally, this conclusion of near-unity bias was reinforced in a completely independent way, by using the measurements of the bispectrum of galaxies in the 2dFGRS (Verde et al . 2002) . As it is based on three-point correlations, this statistic is sensitive to the¯lamentary nature of the galaxy distribution, which is a signature of nonlinear evolution. One can therefore split the degeneracy between the amplitude of dark-matter°uctuations and the amount of bias.
Less-standard ingredients (a) Limits to the neutrino mass
Even though a CDM-dominated Universe matches the data very well, there are many plausible variations to consider. Probably the most interesting is the neutrino mass: experimental data mean that at least one neutrino must have a mass of at least 0.05 eV, so that « n & 10 ¡3 |the same order of magnitude as stellar mass.
As explained in x 1, a non-zero neutrino mass can lead to relatively enhanced large-scale power, beyond the neutrino free-streaming scale. This is illustrated in gure 6, taken from Elgaroy et al . (2002) . Broadly speaking, allowing a signi¯cant neutrino mass changes the spectrum in a way that resembles lower density, so there is a near degeneracy between neutrino mass fraction and « m h (¯gure 6b). A limit on the neutrino fraction thus requires a prior on « m h. Based on the cluster baryon fraction plus BBN, Elgaroy et al. adopt « m < 0:5; together with the HST Hubble constant; this yields a marginalized 95% limit of f n < 0:13, or m n < 1:8 eV. Note that this is the sum of the eigenvalues of the mass matrix: given neutrino oscillation results, the only way a cosmologically signi¯cant density can arise is via a nearly degenerate hierarchy, so this allows us to deduce m n < 0:6 eV for any one species.
(b) The equation of state of the vacuum
So far, we have assumed that the vacuum energy is exactly a classical ¤ or, at any rate, indistinguishable from one. This is a highly reasonable prior: there is no reason for the asymptotic value of any potential to go exactly to zero, so one always needs to solve the classical cosmological constant problem|for which probably the only reasonable explanation is an anthropic one (e.g. Vilenkin 2001). Therefore, dynamical Figure 7 . The « m h 3:4 degeneracy for°at models gives an almost exact value of « m from the CMB as h is known, assuming the vacuum to be e® ectively a classical ¤ (w = ¡1). If w is allowed to vary, this becomes a locus on the (« m ; w) plane (similar to the locus for best-¯tting°a t models from the SNe, showed dashed). Solid circles show values of « m h that satisfy the updated 2dFGRS constraint of 0.18 (suppressing error bars).
provision of w ² p v =» v 6 = ¡ 1 is not needed. Nevertheless, one can readily take an empirical approach to w (treated as a constant for a¯rst approach). Figure 7 shows a simpli¯ed approach to this, plotting the locus on (w; « m ) space, which is required for a given value of h if the location of the main CMB acoustic peak is known exactly. For h ' 0:7, this is very similar to the locus derived from the SN Hubble diagram (Garnavich et al . 1998 ). The solid circles show the updated 2dFGRS constraint of « m h = 0:18. In order to match the data with w closer to zero, « m must increase and h must decrease. The latter trend means that the HST Hubble constant sets an upper limit to w of about ¡ 0:54 (Percival et al. 2002) . This is very similar to the SNe constraint of Garnavich et al . (1998) , so the combined limit is already close to w < ¡ 0:8. The vacuum energy is indeed looking rather similar to ¤ .
(c) The total relativistic density Finally, an interesting aspect of¯gure 7 is that it reminds us of history. When the COBE detection was announced in 1992, a popular model was`standard' CDM with « m = 1, h = 0:5. As we see, this comes close to¯tting the CMB data, and such a model is not unattractive in some ways. Can we be sure it is ruled out? Leaving aside the SNe data, one might think to evade the 2dFGRS constraint by altering the total relativistic content of the Universe (for example, by the decay of a heavy neutrino after nucleosynthesis). Since 2dFGRS measures the horizon at matter{radiation equality, this will be changed. If the radiation density is arbitrarily boosted by a factor X, the constraint from LSS becomes (« m h) ap p aren t = X ¡1=2 (« m h) tru e : Therefore, X ' 8 is required to allow an Einstein{de Sitter Universe.
However, this argument fails, because it does not take into account the e®ect of the extra radiation on the CMB. As argued above, the location of the acoustic peaks depends on a eq , which depends on ! m . However, if we change the radiation content, then what matters is ! m =X. Thus, the CMB peak constraint now reads « ¡0:1 m (! m =X) 0:24 = const:
When combining LSS and CMB, everything is as before except that the e®ective Hubble parameter is h=X 1=2 . Thus, a model with « m = 1 but boosted radiation would only¯t the CMB with h ' 0:5 p 8 ' 1:4, and the attractiveness of a low age is lost. In any case, combining LSS and CMB would give the same « m ' 0:3 independent of X , so it is impossible to save models with « m = 1 by this route.
Finally, it is interesting to invert this argument. Since Percival et al . (2002) This convincingly rules out the 1:68X = 1 that would apply if the Universe contained only photons, and amounts to a detection of the neutrino background. In terms of the number of neutrino species, this is N n = 3:6 § 1:1. A more precise result is of course obtained from primordial nucleosynthesis, but this applies at a much later epoch, thus constraining models with decaying particles.
Conclusions
The beautiful data on the large-scale structure of the Universe revealed in particular by the 2dFGRS combine with the incredible recent progress in CMB data to show spectacularly good agreement with a`standard model' for structure formation. This consists of a scalar-mode adiabatic CDM Universe with scale-invariant°uctuations.
Measuring the exact parameters of this model is rendered di±cult by the intrinsic degeneracies of the structure-formation process, but progress is being made. The most recent data yield « m = 0:25 § 15% and h = 0:73 § 5%; these¯gures agree well with independent constraints, and it is very hard to believe that they are incorrect. Allowing extra degrees of freedom, such as massive neutrinos, vacuum equation of state w 6 = 1, or extra relativistic content worsens the agreement with independent constraints on h and « m . This both supports the simplest picture and allows us to set interesting limits on these non-standard ingredients.
For the future, we can look with anticipation to meaningful tests of in°ation: the current data are consistent with n = 1 to an error of §0:03. Once this is halved, plausible levels of tilt will come within our sensitivity. The tensor fraction is a less clear target, but the motivation to improve on the current weak upper limits will remain strong.
It should of course not be forgotten that the large-scale structure we measure locally consists of galaxies. In this paper, the physics of galaxy formation has been sadly ignored, but this will be the increasing focus of LSS studies: not just the global parameters of the Universe, but the detailed understanding of how the complex structures around us were formed.
